During the course of solar module encapsulation, the output power of crystalline silicon solar module is less than the sum of the maximum output power of the constituents because of power loss. So it is very important to investigate the power loss caused by encapsulation materials and module production process. In this paper, the power loss of crystalline silicon solar module is investigated by experiments systematically for the first time. It is found that the power loss is mainly caused by the resistance of ribbon and mismatch of solar cells; the total power loss is as high as 3.93% for solar module composed of 72 cells (125 mm × 125 mm) connected in series. Analyzing and reducing the power losses are beneficial to optimizing encapsulation process for the solar module. The results presented in this study give out a direction to decreasing power loss and optimizing encapsulation process of crystalline silicon solar module.
Introduction
The crystalline silicon solar module is a workhorse for photovoltaic energy in a long time; the reliability of crystalline solar modules is critical to the cost effectiveness and the commercial success of photovoltaics [1] [2] [3] . In order to provide mechanical protection, electrical isolation, and chemical protection, the crystalline silicon solar cells are encapsulated as a sandwich structure. When solar cells are encapsulated into solar modules, the output power of crystalline silicon solar module is less than the sum of the maximum output power of the constituents because of optical power loss and electrical power loss [4] . The optical power loss of solar module is caused by tempered glass with a low iron content and the ethylene-vinyl-acetate (EVA) copolymer encapsulants; the electrical power loss is caused by mismatch of solar cells, resistance of ribbon, and resistance of junction box. Some authors ever reported the optical model of crystalline silicon solar module, or reflection loss of module induced by incident angle of light. However, no detailed investigation about power loss caused by solar module encapsulation has been carried out [5] [6] [7] [8] . In this paper, the power loss for crystalline silicon solar module during the course of encapsulation is investigated by experiments systematically for the first time. It is found that the power loss is mainly caused by the resistance of ribbon and mismatch of solar cells; the total power loss is as high as 3.93% for solar module composed by 72 cells (125 mm × 125 mm) connected in series. The results presented in this study give out a direction to decreasing power loss and optimizing encapsulation process of crystalline silicon solar module.
Experimental Details
The crystalline silicon solar cells used in this study are 125 mm × 125 mm single crystalline silicon solar cells. The experimental sequence is shown in Table 1 . First, these solar cells are sorted by Berger simulator; after testing and sorting, the tabbing and stringing are carried out by manual welding, respectively, by using a 1.6 mm width tinned copper ribbon. The crystalline silicon solar module consists of a glass superstrate, crystalline silicon solar cells, different polymer layers, and tinned copper ribbons. The back side of the module is a white TPT (Tedlar/Polyester/Tedlar). These 72 pieces of single Step number Process description 1 Cell testing and sorting 2 C e l l t a b b i n g 3 Stringing and busing 4
Power testing 5 L a y u p 6 Lamination 7
Trimming, framing, and junction box 8
Power testing crystalline silicon solar cells are laminated one module in series [9] . Three Schottky diodes are built in junction box. 24 cells are serially connected with a bypass diode across each string. For comparison, the samples are tested after busing and lamination by PASAN's solar simulator (1 kW/m 2 irradiance, 25 ∘ C module temperature, and AM1.5 global spectrum), respectively. Figure 1 shows the solar module after busing and the finished module.
In this study, CTM (solar cells to solar module) is the power loss of solar module from solar cells to solar module, so CTM is defined as
where ∑ 72 1 mc is the theoretical maximum output power of the 72 solar cells and mm is the maximum output of solar module tested by PASAN's solar simulator (1 kW/m 2 irradiance, 25
∘ C module temperature, and AM1.5 global spectrum).
Results and Discussion

Investigation of Power Loss Caused by Mismatch of Solar Cells and Resistance of Ribbon.
The mm is the tested maximum output power of solar module after the solar cells are connected, as shown in Figure 1 (a). Table 2 gives out a comparison between the theoretical maximum output power of the 72 solar cells and the mm . In order to find the reason why the output power of solar module after busing is smaller than the sum of power of solar cells, the open circuit voltage, optimal voltage, the minimum of short circuit current, the minimum of optimal current, and maximum power for solar cells are shown in Table 3; Table 3 also gives out the solar module's parameters after busing.
From Table 3 , the open circuit voltage, the short circuit current, and the optimal current have almost no change; the power loss is mainly caused by the change of the optimal voltage before and after busing [10, 11] .
The power loss in Table 2 includes two parts: one is caused by mismatch of solar cells and the other is caused by resistance of ribbon. The total power loss is 6.32 W for such solar module.
Impact of Resistance of Ribbon on Power Loss of Solar
Module. The structure of solar module connected by 72 solar cells in series is shown in Figure 2 .
The ribbon is made by the tinned copper, the dimension of the interconnected ribbon is 1.6 mm × 0.18 mm, and the dimension of the busing ribbon is 6 mm × 0.2 mm. The resistivity of the tinned copper ribbon is 2.24 × 10 −6 Ωcm. The distance between cells is 2 mm; the distance between strings is 3 mm. According to Figure 2 , we obtain = 110.5 mΩ.
International Journal of Photoenergy 3 Because the optimal current of solar module is 5.28 A, the power loss caused by ribbon is 3.08 W. The power loss caused by mismatch of solar cells and resistance of ribbon is 6.32 W, so the power loss caused by mismatch is 3.24 W.
From the above results, it is found that the power loss is mainly caused by the resistance of ribbon. In order to increase the output power of solar module, more thick ribbon is often used, but the thick ribbon could easily cause breakage of solar cells. The relation between the output power of solar module and dimension of ribbon is shown in Table 4 .
From Table 4 , it is found that the optimal thickness of ribbon is 0.20 mm for such solar module. When the thickness of ribbon is more than 0.20 mm, the output power of solar module no longer increases. It is found that the more thick ribbon leads to breakage of solar cells frequently; the breakage of solar cells also leads to power loss of solar module [12, 13] . This power loss cancels out the power gain induced by the more thick ribbon.
Investigation of Power Loss Caused by Encapsulation
Materials. Table 5 gives out a comparison of the electrical parameters after busing and before lamination.
From Table 5 , it is found that the open circuit voltage and the optimal voltage have almost no change; the power loss is mainly caused by the change of the current before and after lamination. The power loss caused by encapsulation materials is 0.80 W for such solar module.
In fact, the power loss caused by encapsulation materials is more than 0.80 W. Because the TPT is white, some of the light striking regions of the module between cells will be scattered by the back layer and rereflected by the glass superstrate. This can give a boost in the module output. This gain offsets the power loss caused by encapsulation materials [14] .
Investigation of Power Loss Caused by Junction Box.
Four kinds of junction box are used in this experiment; Table 6 gives out the power loss caused by different junction box.
1 is the output power of solar module after junction box; 2 is the output power of solar module before junction box. From Table 6 , it is found that the mean power loss caused by junction box is 0.585 W. Figure 3 shows the power loss distribution for crystalline silicon solar module. The power loss caused by mismatch of solar cells and ribbon is 41.51% and 40.74%, respectively; the power loss caused by encapsulation materials and junction box is 7.5% and 10.25%. The total CTM is 3.93% for solar module composed of 72 cells (125 mm × 125 mm) connected in series. 
Conclusions
A systematical investigation about the power loss during the course of solar module encapsulation is carried out in this paper for the first time. The power loss of solar module consists of the optical power loss and the electrical power loss. The optical power loss of solar module is caused by tempered glass with a low iron content and the ethylene-vinyl-acetate (EVA) copolymer encapsulants; the electrical power loss is caused by mismatch of solar cells, resistance of ribbon, and resistance of junction box. It is found that the power loss is mainly caused by the resistance of ribbon and mismatch of solar cells. The total CTM is as high as 3.93% for solar module composed of 72 cells (125 mm × 125 mm) connected in series. This conclusion is true for any specifications of crystalline silicon solar modules. Analyzing and reducing the power losses are beneficial to optimizing encapsulation process for the solar module. The results presented in this study give out a direction to decreasing power loss and optimizing encapsulation process of crystalline silicon solar module.
